 No published studies on DDT in chicken eggs from a malaria controlled area  Median and maximum ΣDDT concentrations were 11 000 and 48 000 ng/g wet mass  The maximum residue limit was exceeded 100 times  Calculated acceptable daily intake was not exceeded (3 eggs/week/60 kg bm)  Reductions of DDT in soil ingested by chickens may reduce human intake via eggs ABSTRACT In malaria endemic areas, where DDT is still used for vector control by indoor residual spraying (IRS), concentrations of DDT in human blood and breast milk are high, and there are indications of human health impact. In order to identify possible avenues of exposure reduction, we created the concept of a Total Homestead Environment Approach (THEA). THEA characterises the interactions between DDT, humans, and biota within and around homesteads. One dietary route of human exposure and uptake of DDT, namely chicken egg consumption, has, to our knowledge, never been published. ΣDDT in eggs from a DDT-sprayed village ranged between 5200-48 000 ng/g wm (wet mass), with a median of 11 000 ng/g wm. On a lipid mass-basis (lm), the mean ΣDDT for eggs from the sprayed village was 100 000 ng/g lm. The maximum egg concentration observed was three orders of magnitude higher than the median. The acceptable daily intake (ADI) was exceeded 2.5 times based 1
on a consumption of three eggs per week for a 60 kg person. This equates to 0.089 g DDT per person per year. Chicken egg consumption is therefore a possible target for exposure reduction, probably best achieved by reducing the DDT concentrations in soils.
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1.Introduction
DDT concentrations in breast milk and blood of inhabitants of dwellings treated with DDT for malaria vector control (at 2 g/m 2 on indoor surfaces, resulting in 64-128 g per dwelling per year (Bouwman et al., 2012) ) exceed maximum residue limits up to 45 times and is a great human health concern (Aneck-Hahn et al., 2007; de Jager et al., 2009; Manaca et al., 2011; Bouwman et al., 2012) . DDT has been reintroduced for malaria control in South Africa in 2000 when alternative insecticides failed (Bouwman et al., 2006) . To identify targets for human exposure reduction during and after indoor residual spraying (IRS), we created the concept of a Total Homestead Environment Approach (THEA). The THEA framework characterises the interactions between DDT, humans, and biota within and around homesteads treated with DDT (Sereda et al., 2009; Van Dyk et al., 2010) . One of the key components of this interaction is the uptake of DDT via locally produced food. In many rural areas of Africa, subsistence foodstuffs are produced close to homesteads and supplemented with food from markets and shops. We found in previous studies from malariacontrolled areas where DDT is used as IRS, that food (including chicken meat and fat), soil, water, and air are contaminated by DDT (Sereda and Meinhardt, 2005; Sereda et al., 2009; Van Dyk et al., 2010) . Cumulative and continuing IRS with DDT since the late 1940s has left a legacy of high concentrations indoors and in soil surrounding homesteads (Van Dyk et al., 2010) . Chickens and other domesticated animals are ubiquitous around homesteads, but are not fed commercial feed. Chicken meat and eggs make up a significant proportion of the homestead-produced food diets as they are more affordable than red meat. Because DDT has also been found in high concentrations in wild bird eggs from the same area (Bouwman et al., 2013) , it stands to reason that chicken eggs will also have high concentrations. We could not find any reference to DDT in chicken eggs from a malaria controlled area where DDT is currently used as IRS. Our aim is to quantify the DDT residues in chicken eggs from a malaria-controlled area, and compare the results with established maximum residue level (MRL) and acceptable daily intake (ADI) metrics.
Materials and methods
Egg collection was approved by the ethics committee of the North-West University (NWU-00055-07-S3).Twelve backyard and free-roaming chicken eggs were collected during January and February 2008 (following the spaying season) from a DDT-treated village in the Vhembe District of the Limpopo province in South Africa. No significant changes to the malaria control programme have occurred since 2008 (when 63 750 kg of DDT was used in South Africa Van Dyk et al., 2010) , and we believe the data and findings remain relevant. Four similar eggs from an unsprayed village, 22 km west of the treated village, were collected as a comparison. The 'Venda' chicken breed comes from the area where we collected eggs, and lays about 153 eggs per year (Grobbelaar et al., 2010) .
Chickens are not fed commercial feed, but forage on food scraps and in the homestead areas. Eggs were chilled upon collection, and frozen on the same day. DDT was analysed by an ISO 17025 accredited laboratory (Food and Drug Assurance Laboratories, Pretoria) using the European standard method NF-EN-1528. DDT and metabolites were extracted with solid phase extraction on a C18 cartridge followed by a florisil cartridge according to Bordet et al. (2002) . The analytes were eluted with petroleum ether-diethyl ether. Aldrin was used as an internal standard (it was not detected in unfortified eggs) and quantification was accomplished via fortified calibration curves. Gas chromatography -electron capture detection with a quadrupole mass spectrometer was used for quantification and identification. Quantification was via fortified calibration curves in matrix; the correlation coefficient was 0.99. The limits of quantification (LOQ = 3 X noise level) were between 2.5 and 25 ng/g wm (wet mass). The lipid percentage of eggs was taken as 11.1% (gravimetric), based on unpublished data. The maximum residue limit (MRL) in eggs was 0.1 mg/kg lm (lipid mass) (Codex, 1997) . Acceptable daily intake (ADI) was calculated assuming a mean egg mass of 52 g, three times per week, with a body mass of 60 kg. The ADI standard for ΣDDT in eggs was taken as 0.01 mg/kg body mass (bm) per day (Codex, 2000) .
Results
The results of the analyses are shown in Table 1 calculated as wet mass (wm), but also summarised as lipid mass (lm) for the treated area. o,p'-DDE and o,p'-DDD were below the limits of quantification (<LOQ) in all but one egg from the DDT-spayed area. Only two eggs from the reference village had quantifiable DDTs (two orders of magnitude lower than for the sprayed village) and were not used in further statistics. p,p'-DDE had a somewhat higher median concentration than p,p'-DDT. The percentage DDT of the ΣDDT (sum of all DDT compounds) ranged between 23-55%, with a mean of 41%. On a wet-mass basis, the ΣDDT in eggs from the sprayed village ranged between 5200-48 000 ng/g wm, with a median of 11 000 ng/g wm.
Expressed on a lipid-basis, the median ΣDDT for eggs from the sprayed village was 100 000 ng/g lm; the maximum concentration was 430 000 ng/g lm. The median concentration exceeded the MRL (0.1 mg/kg lm, or 100 ng/g lm) significantly (p = 0.0025, Wilcoxon signed-rank test, Gaussian approximation). The mean daily intake of ΣDDT via egg consumption in a sprayed village was 0.0041 mg/kg/day bm which did not exceed the ADI of 0.01 mg/kg/day bm.
Discussion
To our knowledge, this is the first published report of DDT in chicken eggs from an area where DDT is used as IRS for malaria control. The concentrations of DDT in chicken eggs from the sprayed village (median = 100 000 ng/g lm) was three orders of magnitude higher than the reference village (190 ng/g wm, Table 1 ). Elsewhere in the world, DDT in chicken eggs was found in an area controlled for leishmaniasis in Brazil, exceeding the FAO maximum residue limit (MRL) by a factor of two (Vieira et al., 2001) . Chicken eggs collected from markets in Jordan between 2001-07 had a mean concentration of 7.2 ng/g ΣDDT lm (only 22 of 134 eggs had quantifiable concentrations). Only one egg exceeded the FAO-established maximum residue level of 100 ng/g lm (Ahmad et al., 2010) . Eggs from different towns in Sweden collected in 1999 had a mean ΣDDT concentration of 0.73 ng/g wm (ca. 7 ng/g lm) (Darnerud et al., 2006) . Various towns in Russia had ΣDDT concentrations in eggs between 0.10-36 ng/g wm (ca. 1-360 ng/g lm) (Polder et al., 2010) . ΣDDT was quantified in eggs from The highest concentration was from a pooled egg sample from the village of Vikuge in Tanzania, located near an old pesticide dump; soil from the dump contained 282 g/kg DDT. Chicken eggs from Kenya contained 7000 ng/g lm ΣDDT (range <100-10250 ng/g lm) (Mugambi et al., 1989) . Compared with our results (Table 1) , chicken eggs had concentrations at least one order of magnitude higher than the maximum listed above, and two to three orders of magnitude higher than most records. Clearly, decades of DDT application in and around homesteads resulted in elevated concentrations of DDT in chicken eggs in Limpopo. This is most likely also the case in other DDT-sprayed areas of South Africa. We sampled eggs following the spraying season -there might therefore be changes in concentrations in eggs before and after spraying seasons. Long-distance aerial transport and possibly DDT-contaminated food may be responsible for the DDT residues in the eggs from the reference village.
The concentrations of DDT in chicken eggs from the sprayed village (Table 1) corresponds to the equally high DDT concentrations in chicken meat, liver, and fat from the same area (Van Dyk et al., 2010) . Chicken muscle contained a mean ΣDDT of 700 ng/g wm, fat had a mean ΣDDT of 240 000 ng/g wm, and liver had a mean ΣDDT of 1600 ng/g wm. Chickens are omnivorous, scavenging snails, insects, termites, earthworms, grass seeds, and kitchen leftovers (Kijlstra, 2005; Klasing, 2005) . In Venda, chickens are kept under extensive or semi-intensive conditions with minimal input -they mostly have to scavenge their own food (Grobbelaar et al., 2010) . Chickens are also geophagous, consuming soil and small stones to assist in digestion. Kijlstra (2005) assumed ingestion of up to 20 g soil per day, and van der Meulen et al. (2008) found estimates in literature of 14-32 g soil per day. In Limpopo, outdoor soil from the same village where this study was conducted had ΣDDT concentrations between 5.7 and 59 ng/g, with a mean of 25 ng/g (Van Dyk et al., 2010) . Waegeneers et al. (2009) calculated that 23-92% of dioxin in home-produced eggs in Belgium came from soil ingestion. Kijlstra (2005) assumed that 25% of the dioxins in ingested soils may be transferred to the chicken. Although we have not analysed any of the food items of the chickens, we can assume that a similar relationship exists in DDT-treated homesteads between soil DDT and eggs. Soils should therefore be considered as a major route of uptake of DDTs by chickens. The close proximity of the homestead soils to the DDT applied surfaces (consisting of 72% p, explains the high percentage p,p'-DDT (39%, Table 1) in the eggs.
Chicken eggs are an important and healthy source of nutrients (Domingo, 2014) . The Codex Alimentarius adopted an MRL of 100 ng/g lm ΣDDT in eggs (1997) . The median DDT concentration we quantified (100 000 ng/g lm; Table 1) exceeded this limit 100 times, or three orders of magnitude. The ADI for DDT was set by the JMPR as 10 000 ng/kg bw day. The ADI in the present study (4100 ng/kg bw day) was not exceeded, based on a consumption of three eggs per week for a 60 kg person. The mean commercial egg consumption for South Africa is 156 eggs per person per year (2.8 per week; South African Poultry Association, 2012). It should also be pointed out that the same person in a DDT-sprayed area would also consume contaminated chicken meat and fat, adding to the contribution that poultry makes to total body burden. Based on the median ΣDDT concentration in eggs from the spayed village, a person eating three eggs per week would yearly consume 0.089 g DDT from this source alone.
Health impacts associated with DDT have been found in the Limpopo region. Mothers from IRS villages had a significantly higher risk (odds ratio 1.33, CI % CI 1.04-1.72) of having a baby boy with a urogenital birth defect compared with women whose homes were not sprayed . In addition, being a homemaker instead of being employed further increased the risk of having a baby with a urogenital birth defect (odds ratio: 1.41, 1.13-1.77). A weak association between DDT/DDE plasma concentration and the incidence of sperm with chromatin defects in men from Limpopo was found by de Jager et al. (2009) . Aneck-Hahn et al. (2007) found that nonoccupational exposure to DDT was associated with impaired semen parameters in men, also from Limpopo. While it is clear therefore that urgent attention should be given to, at the very least, exposure reduction, there is also an urgent need for sustainable chemical alternatives and strategies to combat malaria (Bouwman et al., 2006; Eskenazi et al., 2009; Bouwman et al., 2012) .
The THEA concept has proven useful in elucidating an important route of uptake and identified a potential target for exposure reduction. Modelling food intake scenarios should indicate whether eggs and meat are a major source of the DDT body burden of homestead inhabitants. If so, this route could be an intervention target for exposure reduction. It would be impractical to cease chicken and egg consumption altogether, but measures should be considered to limit the amount of DDT that reaches the soil, and thereby reducing the DDT concentrations in chicken eggs and meat.
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